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SUMMARY 

A subsonic aerodynamic investigation was conducted in the Langley Low 
Turbulence Pressure Tunnel to determine the effects of using planform fillet and 
canard modifications on the longitudinal and lateral -directional characteristics 
of a 140 A/B Space Shuttle Orbiter configuration. 

The significant effect of the modifications was to destabilize pitching 
moments, thereby allowing increased trimmed lift coefficients at landing atti- 
tudes. The planform fillet modification also provided slight improvements in 
lateral-directional stability. 

Each modification resulted in the possibility of moving the payload center- 
of-gravity forward relative to the baseline configuration and/or landing heavier 
payloads as a result of the higher trimmed lift capability. 

INTRODUCTION 

The longitudinal center -of -gravity range of the Space Shuttle Orbiter for 
trimmed flight during entry, approach, and landing is quite limited. This puts 
a considerable constraint on the allowable mass distribution of Shuttle return 
payloads. In an effort to extend the orbiter center-of -gravity envelope, a 
study was undertaken at the Langley Research Center to determine the feasibility 
of developing simple, "bolt-on” modifications. Modifications which were studied 
included changes in fuselage nose shape and wing fillet planform and the addi- 
tion of fixed canard surfaces. Systems design analyses were undertaken to 
determine the weight penalties (ref. 1), and aerodynamic heating tests and 
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analyses provided information on the impact of the modifications on thermal pro- 
tection system requirements (ref. 2). Wind-tunnel force and moment tests were 
conducted across the speed range to assess the effectiveness of the modifica- 
tions in extending the center-of -gravity envelope and the influence of the modi- 
fications on flight characteristics. Hypersonic aerodynamic characteristics of 
the modifications are presented in references 3 and 4, the transonic character- 
istics in reference 5, and the supersonic aerodynamics in reference 6. 

The purpose of this paper is to present the effects of planform fillet and 
canard modifications on the subsonic aerodynamic characteristics of the 140 A/B 
orbiter configuration for a range of Reynolds numbers. The investigation was 
conducted in the Langley Low Turbulence Pressure Tunnel at Reynolds numbers from 
about 4.2 X 10^ to 14.3 X 10^, based on the fuselage reference length, and at 
Mach numbers of 0.22, 0.223, and 0.25. The angle -of -attack range extended from 
approximately -4* to 26* at sideslip angles of 0* and 5*. 

SYMBOLS 

The longitudinal aerodynamic data are presented about the stability system 
of axes, and the lateral -directional data are presented about the body axes. 

All the aerodynamic data contained herein were nondimenslonalized using the 
baseline model values for wing reference area, span, and mean aerodynamic 
chord. The moment reference point is located at 65 percent of the fuselage 
reference length [i.e., 21.38 cm (8.42 in.) aft of the model nose]. Values are 
given in both SI and US Customary Units. When two symbols are listed for an 
aerodynamic coefficient, the second symbol applies to the computerized tabula- 
tion of coefficients in the appendix. 
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A 


aspect ratio 


wing span, 23.79 cm (9.37 in.) 


mean aerodynamic chord, 12.06 cm (4.75 in.) 


C/^, CA axial-force coefficient. Axial force 

s 

C[), CD drag coefficient; Drag force 

s 


C|_, CL lift coefficient. Lift force 

% s 


C£ , CBL rolling -moment coefficient, Rolling moment 

Sb 


, per degree 


6=0% 5‘ 


C„,, CLM pitching-moment coefficient. Pitching moment 

Sc 

Cj^, CN normal-force coefficient. Normal force 

q» s 


C^, CYN yawing-moment coefficient. Yawing moment 

Sb 


, per degree 

, 5 ’’ 

, per degree 
,5 

lift -drag ratio 

fuselage reference length, 32.77 cm (12.90 in.) 

Mach number 

free-stream dynamic pressure. Newtons per meter (Ib/ft ) 


free-stream Reynolds number based on £ 


wing reference area, 0.025 m^ (0.269 f t^ ) 

model stations, cm (in.) 

angle of attack, deg 
sideslip angle, deg 

body-flap deflection angle (positive for trailing edge 
down), deg. 




6g eleven deflection angle (positive for trailing edge down), 

deg. 

650 split -rudder flare angle (positive for trailing edges 

deflected outboard), deg. 

Model Configuration Components: 

B-|WVSqEF baseline 140 A/B orbiter configuration 

B-| baseline fuselage forebody 

C3 small canard with flat -plate airfoil sections 

E baseline eleven 

F baseline body flap 

$0 baseline planform fillet 

$2 fillet modification having planform geometry similar to a 

strake 

V baseline vertical tail 

W baseline wing (outboard panel) having a leading-edge sweep 

of 45* 


APPARATUS AND TESTS 
Model 

Geometric details of the model used in the wind-tunnel investigation are 
shown in figure 1 and table 1, and photographs of the model are shown in 
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figure 2. The baseline configuration (fig. 1(a)) was an 0.01 -scale model of the 
Rockwell International 140 A/B Space Shuttle Orbiter configuration described in 
reference 3. The model had a removable forebody and removable components in the 
wing planform fillet region which allowed geometry modifications. The modifica- 
tions shown in figures 1(b) and 1(c) consisted of one wing planform fillet con- 
figuration, S2> and one canard configuration, C3. All configurations of the 
present investigation incorporated a split -rudder flare angle of 0°. 

The leading edge of the S2 fillet modification produced a planform shape 
very similar to a strake (fig. 1(b)). Fillet $2 had a leading-edge sweep an- 
gle of 67.4* extending outboard to yo = 3.584 cm at Xq = 12.929 cm. At 
this point the fillet leading-edge sweep increased to 85“ , and the effective 
fillet intersection with the outboard wing panel was the same as for the base- 
line fillet (Sq) intersection. The streamwise sections of this modified 
fillet were faired with the outboard wing panel and had leading-edge radii 
identical to those of the baseline fillet, Sq* 

Canard C3 (fig. 1(c)) had a flat-plate section with a rounded leading 
edge and a sharp trailing edge. The leading-edge sweep angle for canard C3 
was 55.0*, and the trailing edge was formed by a circular arc segment having a 
radius of 5.245 cm. 


WIND TUNNEL AND TESTS 

The investigation was conducted in the Langley Low Turbulence Pressure 
Tunnel which is a variable -pressure, single -return facility with a closed test 
section 0.914 meter (3.0 feet) wide and 2.29 meters (7.5 feet) high. The tunnel 
is a low subsonic facility (M=0.4) with a unit Reynolds number capability of up 
to about 49.2 X 10® per meter (15.0 X 10® per foot). Reynolds numbers for the 
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present investigation were varied from about 4.2 X 10^ to 14.3 X 10^, based on 
the fuselage reference length at Mach numbers of 0.22, 0.225, and 0.25. The 
angle -of -attack range of the tests extended from approximately -4° to 26° at 
sideslip angles of 0° and 5°. 

An internally mounted six -component strain-gauge balance was used to mea- 
sure aerodynamic forces and moments acting on the model. Corrections have been 
applied to the angles of attack and sideslip to account for sting and balance 
deflections produced by aerodynamic loads on the model. Corrections to these 
data for blockage and lift interference effects have also been made in accord- 
ance with the techniques outlined in references 7 and 8. 

RESULTS AND DISCUSSION 

The aerodynamic data resulting from the present study are tabulated by run 
number in the appendix which also contains a Data Set /Run Number Collation 
Summary (table II) to expedite the location of data for a particular configura- 
tion and test condition. 

Longitudinal Aerodynamic Characteristics 

The effects of varying Reynolds number on the longitudinal aerodynamic 
characteristics of the study configurations are shown in figure 3. Incremental 
Reynolds number increases produced only slight changes in longitudinal aerody- 
namics for either of the three configurations. The most observable of these 
effects is an increase in L/D at moderate-to-high angles of attack as the 
Reynolds number (based on fuselage reference length) is increased from about 4.3 
X 10^ to 14.1 X 10® . 

The effects of modifying the baseline configuration B-|WVSoEF by chang- 
ing the wing planform fillet Sq to $2 or by adding the canard C3 are shown 
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in figure 4 over the Reynolds number range of the investigation. For comparison 
purposes, the longitudinal controT positions were held fixed for this study. 

Modifying the wing planform fillet to S2» which resembles a strake 
(fig. 1(b)), produced destabilizing pitching moments, some increased lift at 
high angles of attack, and reduced L/D values in the moderate-to-high angle-of- 
attack range. The most notable incremental effect of the S2 fillet 
modification (fig. 4 (f)) was the reduction in longitudinal stability level from 
C^/Cl“ - 0.010, based on c of the baseline configuration, to an unstable 
condition (C,^/Cl« 0 . 039 ) . This fillet modification would allow the forward 
movement of the vehicle center of gravity by about 1.8 percent of the body 
reference length from the "most forward" c.g. ( 0.65 £ station) while providing 
acceptable subsonic trimmed longitudinal aerodynamic characteristics. This 
increment in forward center -of -gravity movement for the S2 fillet 
modification at subsonic speeds is compatible with supersonic effects found for 
the same modifications in reference 6. In the supersonic study, the $2 
planform fillet modification allowed at least a 2.0-percent forward shift in the 
orbiter's most forward center-of-gravity location. 

The addition of the canard C3 to the baseline configuration (fig. 4 (f)) 
resulted in a large destabilizing pitching moment over the test angle-of -attack 
range, a reduction in lift coefficient at high angles of attack, and reduced 
lift-to-drag ratio at moderate-to-high a's. The reduction in longitudinal 
stability increment attributable to the C3 canard addition was approximately 
4 . 2 -percent fuselage reference length. The resulting unstable static margin 
(Cfn/Ct) found for configuration B<|WVSqC 3EF was 3.2 percent of the 
fuselage reference length or 8. 7 -percent c. The supersonic aerodynamic study 
of reference 6 indicated at least a 1.8-percent fuselage length destabilizing 
increment attributable to the C3 canard modification. 
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Either of these modifications ivould provide less stringent payload 
center-of -gravity and weight requirements as a result of their destabilizing 
effect on the configuration's pitching moments. This destabilizing effect pro- 
vides longitudinal trim at higher lift coefficients, since the elevon deflec- 
tions required for trimming the modified configurations are more positive than 
for the baseline. The higher trimmed lift capability at landing attitudes can 
result In either lower landing speeds, higher payload capability, or more for- 
ward payload loadings which would transfer the configurational center of gravity 
forward and increase longitudinal stability. In either of the latter cases, 
trimmed Cl, Cm/CL, and W/S would be balanced to hold landing speeds and/or 
brake energy levels at the baseline values for the operational orbiter. 

LATERAL -DIRECTIONAL CHARACTERISTICS 

The effects of configuration modifications S 2 and C 3 on the subsonic 
lateral-directional aerodynamic characteristics are shown in figure 5. Lateral- 
directional effects, because of increasing Reynolds number for the two modified 
configurations and the baseline configuration, are presented in figure 6 . 

The effect of plan form fillet modification S 2 at Rj»|e14.1 X 10** is 
shown in figure 5(f). The directional stability level, C« , of configure- 

‘P 

tion B 1 WVS 2 EF is slightly more stable (positive) than the baseline config- 
uration B-jWVSqEF at angles of attack greater than 16*. Also noted on the 
figure is a slightly higher positive effective dihedral level (-Cj,^) over 
the test angle-of -attack range for the S 2 modified fillet configuration. 

The directional stability comparison indicates that subsonic levels 

would be at least as stable for an orbiter configuration incorporating the S 2 
wing planform fillet as the baseline orbiter. 
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The lateral-directional data for the C 3 canard modification are also 
shown in figure 5(f) at the highest test Reynolds number. The directional 
stability data show a loss in at angles of attack near 16". This 

effect is attributed to impingement of the trailing vortices from the canard on 
the orbiter's vertical tail. Stable directional stability levels are again 
achieved at higher angles of attack. Positive effective dihedral levels were 
equal to or greater for the C 3 canard modified configuration than for the 
baseline configuration over the angle -of -attack range investigated. 

SUMMARY OF RESULTS 

Subsonic high Refynolds number tests were conducted in the Langley Low 
Turbulence Pressure Tunnel to determine the effects of a wing planform fillet 
and a canard modification on the longitudinal and lateral-directional character- 
istics of a 140 A/B Space Shuttle Orbiter configuration. The results are 
summarized as follows: 

1. The most significant effect of both the S 2 wing fillet modification 
and the C 3 canard modification was to destabilize pitching moments. Also 
noted for the S 2 fillet modification were slight Increases in directional 
stability and positive effective dihedral. 

2. The destabilizing pitching moments produced by the planform fillet mod- 
ification and the canard modification would provide higher trimmed lift 
capability and allow relaxed forward payload loading distributions and/or 
increased maximum landed payloads. 
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TABLE I. - MODEL GEOMETRY 


Theoretical wing; 

Area, planform, (ft^) 0.02499 (0.2690) 

Area, eleven, (ft^) 0.001951 (.0210) 

Span, cm (in.) 23.792 (9.367) 

Chord, centerline root, cm (in.) 17.507 (6.892) 

Chord, tip, cm (in.) 3.501 (1.378) 

Taper ratio 0.20 

Aspect ratio 2.265 

Leading-edge sWeep angle, deg 45.0 

Tr.aUlng-edge sweep angle, deg -10.0 

Dihedral angle, deg 3.5 

Incidence angle, deg (yg = 5.056 cm) 

Twist angle, deg 3.0 

Airfoil section, tip 0012-74 modified 

Xg, wing leading edge, plane of symmetry 21.234 ( 8 . 360 ) 

Wing planform fillet Sqj baseline: 

Leading-edge sweep angle, deg 80.9 

Xg, wing leading-edge (theoretical) 

intersection cm (in.) 25.984 (10.230) 

Wing planform fillet 83 ! 

Leading-edge sweep angle (forward portion), deg .... 67.4 

Leading-edge sweep angle (aft portion), deg 85.0 

Xg, intersection of forward and aft fillet leading edges, 

cm (in.) 12.929 (5.090) 

Xg, intersection of aft fillet and theoretical wing, 

cm (in.) 25.984 (10.230) 
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TABLE I. - CONCLUDED 


Canard C3; 

Exposed area, (ft^) 0.001241 (0.013363) 

Leading-edge sweep angle, deg 54.7 

Vertical tail: 

Area (theoretical), tn^ (ft^) 0.003839 ( 0.041325) 

Leading-edge sweep angle, deg 45.0 

Root chord (theoretical), cm (in.) 6.820 (2.685) 

Tip chord (theoretical), cm (in.) 2.755 (1.085) 

Span, cm (in.) 8.019 (3.157) 

Fuselage: 

Maximum cross-sectional area, m^ (ft^) 0.003595 (.0387) 

Length, cm (in.) . 32.774 (12.903) 

Maximum width, cm (in.) 6.797 (2.676) 
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(a) Three-view of baseline orbiter model (Configuration BiWVSqEF) 



(b) Fillet So (Configuration B.WVS^EF) 


13.480 cm (5.307 In) 



Figure 1. - Concluded. 



Figure 2.- Photographs of several test configurations. 
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(b) Modified model with C, canard 
( Con f i qura t i on B , ' iV S„C ~ E F ) 
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-74-5609 



(c) Modified model with S 2 fillet 
(Configuration B-jWVSgEF) 

e 2 .- Concluded. 
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(a) Concluded. 

Figure 3. - Continued. 


























































(c) Concluded. 

Figure 3. - Concluded. 











(a) K 4.3 X 106 

Figure 4. - Effects of the $2 fillet and the C 3 canard modifications on the longitudinal 
aerodynamic characteristics for configuration BiWVSoEF. 6e*5®; 6BF-11.7®; 655 * 0°. 
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(a) Concluded. 

Figure 4. - Continued. 
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(b) Concluded. 

Figure 4. - Continued, 


















(d) Rfj K 10.3 X 106 
Figure 4. - Continued 































12.6 X 106 
- Continued 














(e) Concluded. 

Figure 4. - Continued. 
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14.2 X 10^ 

- Continued. 
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(f) Concluded. 

Figure 4. - Concluded, 




(a) Rfj « 4,3 X 10° 

Figure 3. - Effects of the $2 fillet and the C 3 conard modifications on the 
lateral-directional aero^namic characteristics for configuration Bjl/WSoEF. 6e*5' 
6 bf - -11.7*; 6 s B *0 . 
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(f) Rfj 2 ; 14. 1 X 10^ 
Figure 5. - Concluded. 






































































































APPENDIX 


Tabulated Data 

The data presented herein are identified in table II (Data Set /Run Number 
Collation Summary) by configuration and run number. These data are also stored 
on tape in the Space Shuttle Data Management System (DATAMAN) and are identified 
by shuttle test number LA-36B and data set identifier letters PH. Access to the 
data may be obtained by writing to the following address: 


Chrysler Corporation, Space Division 
Dept. 2910, P.O. Box 29200 
New Orleans, LA 70189 
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LA 368 TABULATED SOURCE DATA 
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